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EngrailedDrosophila nemo (nmo) and other Nemo-like kinase family members (Nlks) are well-established key regulators
of numerous conserved signaling pathways, such as Wg and BMP. nmo mutants display pleiotropic defects at
different developmental stages, including the embryo. In this study we describe a detailed characterization of
embryonic cuticle patterning defects associated with maternal loss of nmo. nmo mutant embryos consistently
show segmentation defects, most frequently fusions of pairs of denticle belts in alternating segments. These
phenotypes are reminiscent of those associated with defects in pair-rule patterning. Genetic interaction studies
demonstrate that Nmo promotes Even-skipped (Eve) activity and is required to promote the expression of the
Eve target, engrailed (en), in even numbered parasegments.We ﬁnd that Nmo regulates a subset of Eve activities
by stimulating Eve-mediated suppression of the odd-skipped (odd) repressor. Furthermore, we isolate Nmo in a
protein complexwith Eve and show that Nmo phosphorylates Eve in in vitro kinase assays. These studies reveal a
novel role for the Nmo kinase in embryonic pattern formation through its regulation of the homeodomain-
containing transcription factor Eve.rd Medical School, Boston, MA
genesis, National Institute of
iangle Park, NC 27709, USA.
ll rights reserved.© 2010 Elsevier Inc. All rights reserved.Introduction
Segmentation in the early Drosophila embryo depends on a series
of highly orchestrated signaling events (Nüsslein-Volhard and
Wieschaus, 1980; reviewed in Pick, 1998; Fig. 1) that culminate in a
precise temporal and spatial pattern of expressed transcriptional
regulators. These factors act in a step-wise fashion to continually reﬁne
the embryo to arrive at the ﬁnal segmented and differentiated form.
Initially, asymmetric distribution of the maternal and ‘gap’ genes
provides positional information along the anterior/posterior (A/P)
axis. Differential expression of the gap genes deﬁnes expression of the
‘pair-rule’ genes in a characteristic seven-stripe pattern. Pair-rule
patterning is established through a complex array of interactions
among numerous genes, each with unique expression patterns. The
end result is the division of the embryo into parasegments (PS), the
embryonic counterpart of the adult segment. Pair-rule patterning is
initiated by the primary pair-rule genes, even-skipped (eve), fushi-tarazu
(ftz), hairy (h) and runt (run) (Sanchez and Thieffry, 2003). Members ofthis family encode transcription factors, which, for the most part, act as
transcriptional repressors. The combinatorial activities of the pair-rule
genes pattern the expression of the segment-polarity genes, including
engrailed (en) and wingless (wg) and consequently, the larval cuticle
(Kornberg et al., 1985; DiNardo andO'Farrell, 1987; Inghamet al., 1988).
Disruption of a single gene within this hierarchy leads to phenotypes
characterized by defects in or loss of alternating segments. Mutations in
the third group of segmentation genes, termed ‘segment polarity’ genes,
typically display phenotypes in every segment (Nüsslein-Volhard and
Wieschaus, 1980). Embryonic segments, including their primordia and
corresponding denticle belts, are referred to as odd-numbered (T2, A1,
A3, A5 and A7) or even-numbered (T1, T3, A2, A4, A6 and A8) thoracic
(T) or abdominal (A) segments.
eve encodes a homeodomain-containing transcription factor that
acts primarily as a repressor (Macdonald et al., 1986) and is required
for the establishment of all 14 PS, albeit through differentmechanisms
(Harding et al., 1986; Fujioka et al., 1995; reviewed in Jaynes and
Fujioka, 2004). Null mutations in eve cause a lawn of denticle belts due
to a failure to specify both even and odd segments properly (Nüsslein-
Volhard et al., 1985). Hypomorphic eve alleles cause a pair-rule
mutant phenotype characterized by loss of odd PS and consequent
even denticle belts (hence the name even-skipped). Initially the eve
gene is expressed in relatively broad swaths that are then sharpened
to seven evenly spaced stripes corresponding to odd-numbered PS
(Harding et al., 1986; Macdonald et al., 1986; Frasch et al., 1988;
Manoukian and Krause, 1992). The dynamic distribution of pair-rule
Fig. 1. Segmentation cascade in embryonic patterning. A hierarchy of genes regulates segmentation in different stages of Drosophila embryogenesis. The pair-rule genes
eve and ftz are expressed in the odd and even parasegments, respectively. Eve represses odd expression, and sets up a row of cells that express Ftz but not Odd. In these
cells, Ftz activates the even numbered en stripes. For clarity, only a subset of gene expression proﬁles relevant for these studies is shown. Even though wg and en are
expressed in adjoining cells, the PS boundary separates them and the cells are referred to by their PS identity such that stripe 5 (odd numbered) wg expressing cells are
adjacent to stripe 6 (even-numbered) en expressing cells. For more details, please refer to Sanchez and Thieffry (2003) and Jaynes and Fujioka (2004).
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bers within this group. Eve restricts ftz expression in a complementary
domain within the even-numbered PS (Frasch et al., 1988). Later, at
the beginning of germ band elongation, Eve is expressed at low levels
in seven additional stripes between the original seven stripes, resulting
in a transient 14 stripe pattern (Frasch et al., 1987). These later seven
stripes overlap with Ftz and En-expressing cells in the even PS.
en receives signaling inputs from members of the pair-rule family
such that each en stripe is regulated by distinct mechanisms. Acti-
vation of en transcription relies on the prevalence of activators over
repressors in each PS. Paired (Prd) and Ftz activate odd and even-
numbered en stripes, respectively (Harding et al., 1986; Macdonald
et al., 1986). Odd-skipped (odd) acts as a repressor of en expression
within even PS and En is only expressed in those cells where Ftz is
active and Odd is not expressed (Fig. 1). The anterior boundaries of
eve and ftz coincide with the anterior margin of en expressing cells,
marking PS borders of the developing embryo (Lawrence et al., 1987).
At this stage, En is expressed at the anterior boundary of each PS
(Fig. 1), and Wg is expressed just anterior to the En-expressing cells
in the posterior edge of each PS.
Genetic analyses revealed that eve is unique among the pair rule
genes in that its activity is required within all 14 segments. Eve is
required for activation of all en stripes, which is apparent in embryos
homozygous for eve null mutations. In these mutants, every en stripe
is absent (Nüsslein-Volhard et al., 1985; Harding et al., 1986;
Macdonald et al., 1986). However, in eve odd double mutants, the
seven even En stripes reappear (DiNardo and O'Farrell, 1987; Coulter
and Wieschaus, 1988). This observation suggested that Eve acts as
an antagonist of Odd in the even PS. Furthermore, ectopic ubiquitous
expression of odd results in closely spaced En stripes, as well as partial
loss of even numbered en and odd-numbered wg stripes (Saulier-Le
Drean et al., 1998). Previous studies have also shown that misexpres-
sing eve using a heat shock-driven transgene reduces odd expression
(Manoukian and Krause, 1992). Eve promotes this aspect of en
expression in even numbered stripes by repressing odd, enabling Ftz
to activate en (DiNardo and O'Farrell, 1987; Manoukian and Krause,
1992; Mullen and DiNardo, 1995; Fujioka et al., 1995). Whether the
role of Eve in repressing Odd is carried out by the weak even Eve
stripes seen in the 14 stripe stage (Manoukian and Krause, 1992) or bythe low level posterior expression of Eve in the early seven stripe
pattern (Fujioka et al., 1995) is still unresolved.
Eve inﬂuences the expression of a wide range of genes, and there-
fore regulatory mechanisms must exist to provide speciﬁcity to its
targets. Unique interactions between Eve and various transcriptional
regulators provide a platform to control Eve activity in a context-
dependent manner (Kobayashi et al., 2001; Zhang et al., 2002).
Additional layers of regulation likely exist, as the effect of Eve on
numerous gene targets is complex and dosage sensitive. In addition to
modulation of different protein complexes, Eve activity can be
regulated by post-translational modiﬁcation. Han and Manley
(1993) showed that Eve is phosphorylated in Drosophila cells, sug-
gesting that Eve may be regulated by phosphorylation. Subsequent
analyses revealed that the repressive activity of Eve can be inhibited by
phosphorylation in vitro (Li and Manley, 1999). Thus it is possible
that a mechanism of regulation of Eve activities could involve phos-
phorylation to either promote or inhibit Eve function.
Drosophila nemo (nmo) encodes an evolutionarily conserved
proline-directed serine/threonine kinase essential during develop-
ment (Choi and Benzer, 1994; Mirkovic et al., 2002; Verheyen et al.,
2001). Nmo and its homologues, the Nemo-Like Kinases (NLKs), have
a conserved role in inhibition of T-cell factor (TCF) homologs (Zeng
and Verheyen, 2004; Ishitani et al., 2003, 1999; Rocheleau et al.,
1999). TCF family members act as transcription factors in the Wnt/
Wingless (Wg) pathway (Behrens et al., 1996; Molenaar et al., 1996).
We have also shown that Nmo antagonizes the BMP pathway by
suppressing transcriptional activity of the BMP effector Mothers
against Dpp (Mad) (Zeng et al., 2007). Nmo has additional regulatory
roles in eye speciﬁcation, planar cell polarity, synaptic growth and
apoptosis, and likely mediates crosstalk between multiple signaling
pathways (Braid and Verheyen, 2008; Choi and Benzer, 1994;
Mirkovic et al., 2002; Strutt et al., 1997; Verheyen et al., 2001; Merino
et al., 2009; Fiehler and Wolff, 2008).
Zygotic loss of nmo results in reduced adult viability, and es-
caping homozygous mutant adults exhibit eye and wing defects and
sterility (Choi and Benzer, 1994; Verheyen et al., 2001). Loss of
maternal nmo in germline clones (GLC) results in ∼80% embryonic
lethality. These embryos display various head defects and abnormal
cuticle patterning including loss or fusion of ventral denticle belts
Fig. 2. nmo GLC mutants display embryonic patterning defects. (A) Wildtype
embryonic cuticle. (B, C) Reducing maternally loaded nmo results in pair-rule-like
patterning phenotype. Fused denticle belts were frequently observed in a subset of
segments, speciﬁcally between T3/A1 (arrow in C), A6/7 (arrowhead in B, C) and A2/
3 (arrow in B).
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stages of development are also observed in nmo mutants (Mirkovic
et al., 2002).
In this study, we analyzed how Nmo contributes to patterning
of embryonic segments. Loss of maternal nmo results in reproducible
denticle belt defects consistent with a role in pair-rule patterning.
Examination of gene expression patterns and genetic interaction
studies revealed that nmo modulates a subset of Eve activities during
embryonic segmentation. Altering nmo function compromises Eve's
repressive activity in the even PS. In nmo GLCs, expression of the Eve
target odd is expanded, resulting in subsequent repression of En and
Wg. Nmo can compensate for the effects of ectopic Odd on even-
numbered En expression, further demonstrating its effect on pat-
terning of even PS. Furthermore, we ﬁnd that Nmo can bind to and
phosphorylate Eve, suggesting that Nmomodulates Eve directly. Thus,
our work demonstrates a novel requirement for Nmo in pair-rule
patterning during early Drosophila development.
Methods
Fly handling and generation of nmo GLCs
Fly strains were maintained on standard medium. The following
ﬂy strains were used: hsﬂp; nmoadk1 FRT79D/TM6B, nmoP/TM6B, OvoD
FRT79/TM3, Df(2R)eve/Cyo,Twi-GFP, eve1/CyO, ftz11/TM3,Twi-GFP, P
{PZ}odd01863/Cyo (odd-lacZ), prd-Gal4/twi-GFP, TM3, UAS-lacZ, P{UAS-
odd.H}E and w1118 (all from the Bloomington Drosophila Stock
Center), UAS-GFP::nmoIIWT (Fiehler and Wolff, 2008) and en-lacZ
(Kassis et al., 1992).
To generate embryos devoid of maternally contributed nmo,
germline clones (GLC) were induced through the FLP-FRT technique
by crossing in hsﬂp; nmoadk1 FRT79D/TM6B females to ovoDFRT79/TM3
as described in Chou and Perrimon (1992) and Mirkovic et al. (2002).
nmo GLC eggs were fertilized by males appropriate to the experiment.
For the gene expression studies, GLC females were mated to males
carrying lacZ reporters, and were therefore zygotically wildtype for
nmo. For the genetic interactions, nmo GLC females were mated with
appropriate GFP-Balancer males and embryos were collected, scored
for the absence of GFP and then cuticles were prepared.Misexpression
analyseswere performed at 29 °C. For cuticle preparations, plateswere
aged at least 24 h to assess lethality. Embryos were dechorionated in
50% commercial bleach for 5 min, rinsed thoroughly, mounted in 1:1
Hoyers/lactic acid and incubated at 65 °C.
In situ hybridization and antibody staining
RNA probes for in situ hybridizations were generated using the
Roche DIG RNA transcription kit and in situ hybridization was
performed according to standard protocols. cDNAs for eve, h, run, ftz
were a gift from Steven Russell. Antibody staining was done ac-
cording to Patel et al. (1989), unless otherwise indicated. The
following antibodies were used: anti-En (Patel et al., 1989; 4D9; 1:5),
anti-Wg (4D4; 1:50), anti-Eve (2B8, 1:200; DSHB) (obtained from
the Developmental Studies Hybridoma bank), rabbit-anti-ß-Gal
(1:2000, MP Biomedicals), mouse anti-Ftz (1:10; H. Krause).
Secondary antibodies were used at a concentration of 1:200 (Jackson
ImmunoResearch Laboratories Inc.).
Confocal images (Figs. 5–8, S2, S3) were acquired on a Quorum
Wave FX spinning disc confocal microscope and processed with
Volocity software version 5.2.1 and Adobe Photoshop version 8.
Cell culture and in vitro biochemical assays
HA-Eve was made by PCR amplifying eve from pET15b-Eve full
length, a gift from Miki Fujioka. eve was PCR ampliﬁed with the fol-
lowing primers: Eve-Forward: CGGAATTCTGATGCACGGATACCGAACCand Eve-Reverse, GGGGTACCCCTTACGCCTCAGTCTTGTAGG. PCR pro-
ductswere inserted into pDrive, excisedwith EcoRI andKpnI and ligated
into pCMV-HA.
HEK293T cell culture, protein expression, immunoprecipitation and
kinase assays with Flag-Nmo and HA-Eve, were performed according to
Zeng et al. (2007).
Yeast two hybrid assays were performed in pJ69-4A strain ac-
cording to standard protocols (James et al., 1996). Protein interac-
tions were tested with the following expression plasmids: pAct-Gro,
pAS2-Eve-Full length (FL), pAS2-Eve-Tard, pAS2-Eve-C (Kobayashi
et al., 2001) and pACT2-Nmo. pACT2-empty and pACT2-Gro were
used as a negative and positive control, respectively.
Results
nmo GLC embryos exhibit denticle belt fusions characteristic of pair-rule
defects
We have previously shown that embryos devoid of maternally
contributed nmo (nmo GLC) exhibit signiﬁcant embryonic lethality
and defects in apoptosis and cuticular patterning (Mirkovic et al.,
2002). To understand Nmo's contribution to embryonic segmentation,
we sought to further characterize the cuticle phenotype. nmo GLC
embryos characteristically display fusions of denticle belts in alter-
nating segments (Fig. 2B, C). The most commonly observed fusions
in nmo GLCs involved the third thoracic segment and the ﬁrst ab-
dominal segment (T3/A1; arrow in Fig. 2B), A2/A3 (arrow in Fig. 2C),
and occasionally A4/A5 (Table 1) or A6/A7 (arrowheads in Fig. 2B, C).
These fusions appeared to result from loss of either medial or lateral
naked cuticle. We observed complete loss of naked cuticle between
segments at low frequency.
The alternating pattern of affected segments in nmo mutant
embryos was reminiscent of pair-rule mutant phenotypes. Loss of
pair-rule genes that pattern the odd or even numbered PS results in
two distinct phenotypic classes. nmoGLCs resembled loss of ftz, a gene
required for patterning even numbered PS and consequent odd
numbered cuticle segments. ftz mutant embryos display compound
Table 1
Reducing nmo levels leads to patterning defects in every other segment.
Genotype n Lethality % fused segments
T3/A1 A2/A3 A4/A5 A6/A7
nmoGLC 221 75.6 21.3 5.9 13.6 27.1
eve/+; nmoGLCa 98 90.8b 29.6b 90.8b 77.6b 92.8b
a eve/+; nmoGLC were derived from females bearing nmo GLCs crossed to Df(2R)
eve/CyO, Twi-GFP and selected by the absence of GFP marker.
b Percentage of population with a complete or partial loss of the anterior-most
denticle belt, that is, T3, A2, A4 and A6.
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suggesting that nmomay affect signaling during establishment of the
even PS. Similarly, ectopic Odd expression also results in pairwise
fusions of the same denticle belts (Saulier-Le Drean et al., 1998).
Mutations in the genes governing odd numbered PS generate com-
posite segments in a different frame, i.e. creating fusions between
A1/A2, A3/A4, etc., which do not occur in nmo GLCs. Weaker pair-
rule mutant alleles generate smaller deleted segments, and can
produce pairwise fusions of denticle belts without losing the naked
cuticle between the denticles entirely. nmo GLCs also resembled
embryos with a loss of the downstream segmentation gene en in
these PS (Nüsslein-Volhard and Wieschaus, 1980). Taken together,
we investigated a potential role for Nmo in pair-rule patterning of
even numbered PS.En and Wg expression are disrupted in nmo GLCs
To further characterize the role of Nmo in embryonic patterning,
the expression patterns of the pair rule and several segmentation
genes were examined in nmomutants. This analysis would allow us to
pinpoint the stages at which Nmo acts and possibly regulates gene
expression. The expression patterns of the pair rule genes hairy, runt,
eve and ftz appear normal in nmo GLC embryos (Fig. S1), leading us to
ask whether Nmo might rather affect their function.
We examined the expression patterns of the segmentation genes
wg and en, which can be used as reliable readouts of pair-rule activity
(Howard and Ingham, 1986; DiNardo and O'Farrell, 1987; Ingham,
1988; Martinez Arias et al., 1988). Their correct expression pattern is
crucial for the ﬁnal organization of each individual segment. By stage
10, both En andWg are expressed in 14 stripes (Fig. 3A, C). In stage 10Fig. 3. En and Wg are altered in nmomutant embryos. Antibody staining for En (A, B) and W
disrupts both En and Wg expression. (E, F) Double staining for Ftz (brown) and En (black)and 11 nmo GLC embryos, both En (Fig. 3B) and Wg (Fig. 3D)
expression were disrupted. Since expression of the ftz gene is
restricted to the even-numbered PS, double staining for En or Wg
with ftz-lacZ allowed the unambiguous identiﬁcation of the stripe
identities affected in nmo GLC (Fig. 3E, F). Consistent with the
observed cuticular phenotype, both En and Wg were disrupted in
stripes at the anterior edge of ftz expression, corresponding to even En
stripes and odd Wg stripes. Wg was most frequently affected in odd
numbered PS, although additional anterior stripes can also be altered.
In double stained embryos, we observed that the loss of Wg in each
segment was more severe than the loss of the neighboring En stripe
(Fig. S3). Loss of expression usually occurred either medially or
laterally; we rarely observed the complete loss of any stripe. In
addition, we observed that some anterior stripes, such as Wg stripe 5
and En stripes 4 and 6, were more often affected than others.
Intriguingly, En was only reduced in alternating stripes corresponding
to the even PS. Given the distinct reduction in En expression in even
stripes, we hypothesized that Nmo may have a role in regulating pair
rule activity in the even PS to promote En expression.
nmo synergizes with eve
Even-numbered stripes of en rely on Ftz activity in addition to
repression of odd by Eve. Given that Nmo affects the expression of
even En stripes, we initially focused our attention on potential inter-
actions between nmo and both ftz and eve. We crossed nmo GLC
mothers to ftz11/TM3 males to see if the nmo GLC phenotype was
sensitive to levels of ftz. In assessing cuticular phenotypes, we ob-
served no variation of the nmo GLC phenotype in this experiment
(Fig. 4B). In contrast, we observed a potent synergy when we crossed
nmo GLC to Df(2R)eve/Cyo, twi-GFP (Fig. 4C, E, F). A similar synergy
was observed when nmo GLC were crossed to the eve1 allele (Fig. 4D).
Heterozygosity for eve alone produced embryos that appeared
normal. nmo GLCs that were heterozygous for Df(2R)eve exhibited
increased lethality from 75.6% to 90.8% (Table 1). More strikingly,
nearly all the eve−/+, nmo GLC embryos exhibited a severe pair-rule
cuticle phenotype (Fig. 4C), caused by complete fusions of alternating
denticle belts (Table 1). This phenotype was considerablymore severe
than the nmo GLC denticle belt fusions, which reﬂect loss of partial
segments. These eve−/+, nmo GLC mutants phenocopied embryos
homozygous for the original hypomorphic eve pair-rule alleles
described in Nüsslein-Volhard and Wieschaus (1980). Our observa-
tions suggested that Nmo synergized with Eve, and loss of nmog (C, D) was performed in w1118 and nmo GLC mutant embryos. Reducing nmo activity
allowed unambiguous identiﬁcation of affected PS (arrowheads).
Fig. 4. nmo and eve synergize during pair-rule patterning. (A) nmo GLC embryonic cuticle. (B) Heterozygosity for ftz11 does not modify the nmo GLC phenotype in severity or
penetrance. Heterozygosity for Df(2R)eve (C, E, F) and eve1 (D) results in a dramatic enhancement of the nmo GLC pair-rule phenotype resulting in partial and complete fusions of
alternating denticle belts.
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observed a potent interaction between eve and nmo, this genetic
combination did not abolish Eve activity entirely. Embryos homozy-
gous for strong eve alleles exhibit a lawn of denticles due to the
complete loss of en expression (Harding et al., 1986; Macdonald et al.,
1986), a phenotype that is much more severe than that seen in nmo
GLC mutants. Nevertheless, our results suggested that nmo may
contribute to a subset of Eve activities during segmentation.
nmo is co-expressed with the pair-rule and segmentation genes
In the process of embryonic segmentation, the even numbered
PS are established through the combined repressive action of Eve on
the repressor Odd, and activation of en expression by Ftz (see In-
troduction). We established whether nmo is expressed with these
pair-rule genes during segmentation using the nmo-lacZ strain (nmoP;
Choi and Benzer, 1994). The nmo-lacZ enhancer trap line reliably
reports the nmo mRNA expression pattern in imaginal discs (Choi
and Benzer, 1994; Zeng and Verheyen, 2004). Anti β-gal antibody
staining detected an expression pattern that closely resembled the
mRNA proﬁle in embryos (Fig. 5; Verheyen et al., 2001).
We ﬁrst detected zygotic nmo in stage 5 embryos, where it was
weakly expressed in all cells and overlapped with both Eve and Ftz
during initiation and reﬁnement of the primary 7-stripe pair-rule
expression pattern (Fig. 5A–C). By stage 6, nmo expression was
enriched in a stripe of cells anterior to the 2nd and 7th Ftz stripes
(Fig. 5D–F). We next addressed whether nmo might be expressed in
subsequent stages when Eve and Ftz cooperate to initiate en ex-
pression in even numbered PS. Indeed, we detected broad nmo
expression that included all 14 En stripes from its initiation in stage 7
and 8 embryos (Fig. 5J–L) through stage 11 (Fig. 5M–O) to stage 14
(Fig. 5P–R). Interestingly, the early stripes of enriched nmo expression
persisted anterior to 4th and 14th En stripes until germ bandretraction (arrowheads in Fig. 5M, O). These sites of enrichment
also correspond to the stripes that are most sensitive to loss of nmo.
By stage 14, nmo was also enriched in the narrow stripe of En-
expressing cells at the posterior edge of every segment, and more
broadly at the anterior boundaries (Fig. 5P–R). nmo was excluded
from the amnioserosa, and later was co-expressed with Eve and En
in a subset of neural cells (data not shown). Co-localization of nmo
with the pair-rule and segmentation genes suggests that Nmo may
have multiple roles during embryonic segmentation. However, given
the distinct effect on En in even numbered PS in nmo GLC embryos,
we chose to focus our analysis on Nmo's role in this context. The
observed co-localization supported a model in which Nmo might
regulate Eve to facilitate the ﬁnal epidermal pattern of the embryo.
We further analyzed nmoP expression in a nmo GLC background to
determine if Nmo might regulate its own expression. We observed
only subtle modiﬁcations in zygotic nmo expression. nmo-lacZ was
rarely detected in stage 5 embryos, but its expression was comparable
to wildtype by stage 6 (Fig. S2). We also noted that nmo expression
appeared less organized in stage 14 embryos (Fig. S2). However, this
may be a secondary consequence of abnormal segment morphology
(Fig. S2). Thus, we concluded that nmo's self-regulation is minimal
and that zygotic nmo is expressed at near normal levels in nmo GLCs.
Nmo promotes Eve-mediated repression of odd
nmo GLC cuticles resembled embryos expressing elevated odd, as
well as ftz mutants (DiNardo and O'Farrell, 1987; Saulier-Le Drean
et al., 1998). Given the observed synergy between nmo and eve, and
the normal expression of ftz in nmo GLCs, it is likely that nmo's
resemblance to ftz mutants was a secondary consequence of nmo's
effect on Eve activity, rather than on Ftz itself. Genetic interaction
studies and immunohistochemistry experiments were performed to
investigate whether Nmo promoted Eve to stimulate its repression of
Fig. 5. nmo is expressed with the pair-rule and segmentation genes during embryonic segmentation. nmo-lacZ/+ embryos stained for β-galactosidase to detect nmoP (green), with
anti-Eve (red; B, C, H, I) or anti-Ftz (red; E, F) or anti-En (red; K, L, N, O, Q, R). (A–C) Stage 5 nmo-lacZ (A) is weakly expressed in all cells and overlaps with Eve (B; C, merge). (D–F)
Stage 6 nmo-lacZ (D) is more highly expressed than in (A), and overlaps with Ftz (E). nmo is enriched in stripes of cells anterior to the 2nd and 7th Ftz stripes (arrowheads, D and F).
(G–L) Stage 7 nmo-lacZ (G, J) overlaps with prominent odd and weak even Eve stripes (H; I, merge) and the early 14 stripes of the segmentation gene En (K; L, merge). (M–O) Stage
11 nmo-lacZ (M) is strongly expressed in all parasegments and overlaps with the 14 mature En stripes (N; O, merge). Elevated nmo expression is still detected anterior to and
encompassing the 4th and 14th En stripes (arrowheads, M and O). (P–R) Stage 14 nmo-lacZ (P) is enriched in cells ﬂanking the segment boundaries, including the posterior stripe of
En-positive cells (Q; R, merge) and more broadly at the anterior boundary.
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embryos would have reduced Eve activity and consequently, would
fail to repress odd expression effectively.
Transition of pair-rule gene expression from 7 to 14 stripes, and
initiation and maintenance of segmentation gene expression, is a
highly dynamic process orchestrated by different molecular mechan-
isms at each phase (Manoukian and Krause, 1992; Saulier-Le Drean
et al., 1998; Fujioka et al., 2002; Swantek and Gergen 2004). As such,
we used odd-LacZ to carefully examine odd expression and its effect on
En in nmo GLC embryos throughout segmentation (Figs. 6, 7 and S3).
In wildtype embryos, en is transcribed in cells expressing Ftz and
not in the presence of odd (Manoukian and Krause, 1992). odd is
initially expressed in seven stripes that span the even-numbered PS
and then later in 14 stripes centered on both even and odd PS (Coulter
et al., 1990). Such 7-to-14 stripe transitions have been described for
several of the other pair-rule genes (eve (Macdonald et al., 1986); prd
(Kilcherr et al., 1986) and runt (Gergen and Butler, 1988)). To support
the model that reduced En expression in nmo mutants (see Fig. 3)
was caused by de-repression of odd, we double-stained these embryos
for En and odd.
We ﬁrst detected abnormal En expression in stage 7 nmo GLC
embryos. Here we most frequently observed a shift in a subset of En
stripes such that they are closer than in wildtype (Fig. 6B, E) and also
observed loss of lateral En in some embryos (not shown). Loss of
nmo did not have an observable effect on odd expression (Fig. 6A, D)
until stage 8. In age-matched wildtype embryos, odd expression is
higher in the odd stripes, and not yet fully repressed in the cells
anterior to the even stripes (Fig. 6G, P). In nmo GLC embryos, odd
expression was elevated in the even stripes, and the anterior cellsintervening the odd stripes (Fig. 6J, M, S, V). En is normally expressed
anterior to odd in 14 evenly spaced stripes, 2–3 cells wide (Fig. 6H, I).
We observed the most dramatic effect on En expression in nmo GLC
embryos at this stage. Similar to what is seen in eve mutants (Frasch
et al., 1988; Hughes and Krause, 2001; Fujioka et al., 2002) and hs-odd
embryos (Saulier-Le Drean et al., 1998), the even En stripes were
shifted, producing a pairing of stripes 1 and 2, 3 and 4, etc. (Fig. 6K, N,
T, W). En was also absent from some cells in the even PS, resulting
in incomplete stripes (Fig. 6T, W). In more severely affected embryos,
the even En stripes could converge on the anterior stripes, and loss
of En in these PS was even more dramatic (Fig. 6N, W). The odd En
stripes typically appeared normal in later stages (Figs. 3B and 7E, H),
so it was interesting that at this stage they were 1 or 2 cells wider
(Fig. 6T, W). Thus, in nmo GLC embryos, odd was not effectively
repressed in cells where we detected an anterior shift and partial loss
of En expression (Fig. 6U, X). In the more severe phenotype, ir-
regular spacing of some pairs of odd stripes was also apparent
(Fig. 6M). These data suggest that nmo contributes to establishment of
the 14 En stripes and the PS boundaries in the early stages of seg-
mentation. Moreover, it supports our hypothesis that Nmo promotes
En expression in the even PS through repression of odd.
In stage 9–11 nmo GLC embryos we observed various phenotypic
combinations of altered En expression. We documented embryos in
which En stripes were coupled but still expressed at relatively
normal levels (Fig. 7E, compare with B). Here, odd expression was
clearly expanded compared to wildtype (Fig. 7D). In embryos with
normally spaced PS as described in Fig. 3, odd was also expanded at
the expense of En in even stripes (not shown). We further dis-
covered medial fusions of a subset of En stripes in otherwise
Fig. 6. Expansion of odd in even PS leads to loss of early En stripes in nmo GLC. Embryos were stained for odd-lacZ (green) and En protein (red). (A–F) Stage 7 embryos. (A–C) Wildtype. (D–F) nmo GLC: En stripes (E) are abnormally spaced
compared to wildtype (B). (D) odd expression is comparable to wildtype (A). (G–X) Stage 8 embryos. (G–I, P–R) Wildtype. (J–O, S–X) nmo GLC: odd expression is elevated in even stripes (J, M, S, V) compared to wildtype (G, P). En is
signiﬁcantly reduced in even stripes, and is shifted such that the odd and even stripes appear paired (compare K and N with H; T and W with Q). De-repression of odd is coincident with loss of En (compare L and O with I; U and X with R).
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Fig. 7. Reduced nmo leads to de-repression of odd and abnormal expression of En. Embryos were stained for odd-lacZ (green) and En protein (red). (A–O) Stage 10 and 11 embryos.
(A–C, J–L) Wildtype: odd (A, J) expression is reﬁned to 14 narrow stripes. En (B, K) is also expressed in 14 evenly spaced stripes, immediately anterior to odd-expressing cells (C, L).
(D–F) nmo GLC: odd (D) is expanded in all stripes, while En (E) is shifted, resulting in the coupled appearance of odd and even En stripes. En is also lost in cells where odd impinges on
its expression domain (F). (G–I, M–O) nmo GLC: Lateral de-repression of odd (G and M, compare with A and J) is coincident with fusion of En stripes 4–6 (H, N, O). (P–R) Stage 14
embryos. (P)Wildtype. (Q, R) nmo GLC: En expression is more severely affected in later stages. Lateral stripes of En are incomplete or fused (Q, compare with P), or can be completely
abolished (R, compare with P).
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En stripes 4 and 5 (Fig. S3), 4, 5 and 6 (Fig. 7H, N; Fig. S3) or 4, 5, 6
and 7 (not shown). While we cannot deﬁnitively assess which
stripes are responsible for the fusion, we detected lateral expansion
of odd between the fused stripes (Fig. 7G, M). In addition, medial Wg
is also signiﬁcantly reduced in this phenotype (Fig. S3). Consistent
with previous studies (Frasch et al., 1988; Hughes and Krause, 2001),
we found that En was more severely affected in nmo GLCs at the end
of germ-band retraction compared to stages 9–11. We observed
variable defects ranging from fusion of or incomplete lateral En
stripes (Fig. 7Q) to complete loss of some segments (Fig. 7R). There
was an additional class of severely affected nmo GLC embryos that
we do not describe, since expression of odd and En lacked any
discernable pattern, precluding interpretation. The observed expan-
sion of odd and concomitant reduction and/or anterior shift of even
En stripes in nmo GLC embryos are consistent with reduced Eve
function in the even PS.
Nmo can suppress the effects of ectopic odd
Further genetic interaction studies were undertaken to conﬁrm
the model that Nmo acts to potentiate Eve activity in even PS. We
reasoned that if Nmo played a role in pair-rule patterning via its
regulation of Eve and odd expression, then phenotypes due to oddexpression should be sensitive to levels of nmo. To test this, we
expressed UAS-odd using prd-Gal4 (prdNodd) at 29 °C and examined
the effect of Nmo on Odd-mediated repression of En. En expression
was reduced in even PS in prdNodd, phenocopying the effect seen
by heat shock-driven Odd (Saulier-Le Drean et al., 1998). Using UAS-
lacZ as a marker and a titration control, we determined that prd-Gal4
is expressed in broad domains centered on even numbered En stripes
(Fig. 8B), and that En was affected to the same degree in prdNodd, lacZ
(Fig. 8A, C) as in prdNodd embryos.
Co-expression of UAS-Nmo with UAS-Odd was able to rescue
the expression pattern of En to normal (Fig. 8E, G). We noted that,
while En was normally expressed in stage 9–11 prdNnmo embryos
(Fig. 8I, K), even En stripes were expanded in some stage 8 embryos
(not shown). This early effect is likely due to the normally incom-
plete repression of odd in the even PS at this stage, and thus when
elevating Nmo has the most observable effect on Eve's repression
of odd. These interaction studies suggested that nmo normally
stimulates or enhances Eve activity to establish the boundary of odd
expressing cells, and therefore indirectly promotes the expression
of En.
In a previous study, ectopic Odd resulted in a shortening of even
En and odd Wg stripes, culminating in fusion of denticle belts
(Saulier-Le Drean et al., 1998). Since the cuticles of hs-odd embryos
resemble nmo GLC embryos, we also examined the effect of elevating
Fig. 8. Nmo promotes Eve-mediated inhibition of odd. Embryos were stained with anti-β-galactosidase (B, D) or anti-GFP (F, H, J, L) to visualize expression of prd-Gal4 (green) and
with anti-En (red). (A–D) Expression of prd-Gal4NUAS-odd, UAS-lacZ causes loss of En (arrowheads in A, C) in prd-expressing PS. (E–H) Co-expression of UAS-nmo with UAS-odd
resulted in a restoration of En stripes (arrowheads in G) in prd stripes. (I–L) prdNnmo expression alone did not alter En expression at this stage. Cuticle preparations from the same
experiment show that prdNodd causes mild to moderate denticle fusions (M) which can be suppressed by co-expression of nmo (N). (O) prdNnmo causes no detectable cuticle
defects.
186 L.R. Braid et al. / Developmental Biology 343 (2010) 178–189Nmo on denticle patterning in prdNodd embryos. Overexpressing
odd with prd-Gal4 in even numbered PS produced cuticle defects
ranging from fusions of denticle belts to loss of abdominal segments
(Fig. 8M). The severity of the patterning defects was assessed
according to the total number of fused or deleted segments (Fig. S4).
The most severe phenotype, consisting of three or more affected
segments, was observed in 7 % of the prdNodd progeny. We found
that co-expressing nmo suppressed the segmentation defects of
prdNodd by more than 2 fold. Control crosses to test the titration of
prd-Gal4 (prdNodd+lacZ) showed no change in the Odd-induced
phenotype. Nmo's ability to rescue Odd's repression of En in these
cells, effectively restoring the cuticle pattern to wildtype, supports
our hypothesis that Nmo normally represses Odd in the even PS.
Nmo binds to and phosphorylates Eve
Thus far, our genetic and phenotypic studies highlight the syn-
ergy between nmo and eve in denticle patterning, and the presence
of eve loss-of-function phenotypes in nmo GLC embryos. Since nmo
and Eve are expressed in the same cells, we asked whether Nmo
could promote pair-rule patterning through a direct protein–protein
interactionwith Eve. To test such a possibility, a series of biochemical
assayswere performed. Lysates fromHEK293T transfectedwith Flag-
tagged Nmo (Flag-Nmo) or HA-tagged Eve (HA-Eve) were mixed
together and subjected to co-immunoprecipitation assays with the
appropriate antibodies. Immunoprecipitation of whole cell lysates
with an anti-HA antibody isolated Flag-Nmo in a complex with HA-
Eve (Fig. 9A). Reciprocal co-immunoprecipitation with anti-Flag
also pulled down HA-Eve bound to Flag-Nmo (Fig. 9A), demonstrat-
ing that Nmo bound to Eve.
Given that odd expression was de-repressed in nmo GLC em-
bryos, we then addressed whether Nmo interacts with Eve via theprotein's repressive domains using a directed yeast two-hybrid
assay. We ﬁrst conﬁrmed the interaction between Nmo and full
length Eve (FL; Fig. 9B). Previous studies have shown that Eve
contains multiple repression motifs, including a Gro-independent
transient assay-deﬁned repression domain (TARD) and a separate
Gro-interacting domain (GID) within the C-terminus (Kobayashi
et al., 2001). Nmo did not bind Eve truncations comprising only
the TARD domain or C-terminus (Fig. 9B).
The observed protein interaction between Nmo and Eve prompted
us to examine whether the Nmo kinase phosphorylates Eve. Indeed,
Eve was phosphorylated in our in vitro kinase assays, running as a
smear in the presence of Nmo wildtype (WT; Fig. 9C). Others have
also shown similar phosphoforms of Eve that run as a smear (Li and
Manley, 1999). The kinase activity of Nmo was crucial for this post-
translational modiﬁcation since kinase dead (KD) Nmo failed to
phosphorylate Eve (Fig. 9C). Together, these studies demonstrated
that Nmo phosphorylates Eve and may promote Eve-mediated events
during embryogenesis.
Discussion
Throughout embryogenesis, unique transcriptional complexes
undergo dynamic changes to regulate the expression proﬁle of seg-
mentation genes. Individual body segments are patterned through
distinctive molecular cues. However, it is well known that key players
such as Eve play a more global role on gene transcription throughout
the embryo. A regulatory network exists to control Eve speciﬁcity,
eliciting unique cellular responses to Eve activity. Protein kinases can
effectively modulate Eve function and reign in its signaling potential,
limiting its effect exclusively to a subset of segments or target genes
(Li and Manley, 1999). Here, we demonstrated that Nmo promotes
Eve-mediated repression on a subset of Eve targets, speciﬁcally in
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denticle belts in every other segment, characteristic of defects in pair-
rule patterning. Additionally, expression of even En stripes is dis-
rupted in nmo GLCs. We believe the cuticular phenotypes we ob-
serve are a direct result of this disruption, particularly because we
usually observe either medial or lateral disruption of En and Wg
expression, and eithermedial or lateral fusion of denticle belts. Within
these stripes, the Eve target and en inhibitor, odd, is also derepressed.
This ﬁnding suggests that Eve activity is likely compromised in these
cells. Moreover, we can replicate the nmo GLC cuticle phenotype by
speciﬁcally elevating Odd in the even PS. Importantly, co-expressing
Nmo rescues both the loss of en and denticle belt fusions induced by
ectopic Odd, most likely by increasing repression of endogenous odd
during the 7 to 14 stripe transition in stage 8 embryos. Since Ftz is
unable to activate En in the presence of Odd, an effect of Nmo on Ftz
would not have been able to restore En in this assay, further sup-
porting our model that Nmo likely acts on Eve to promote even En
stripes. Moreover, nmo expression overlaps with Eve throughout
segmentation, suggesting that Nmo may directly regulate Eve. In
agreement with this model, we found that Nmo can bind and phos-
phorylate Eve. Thus, our studies describe a novel role for Nmo as a
modulator of pair-rule patterning.
Our data support a role for nmo in modulating a subset of Eve
activity as nmo GLCs lose even En stripes and odd Wg stripes, rather
than all En and Wg stripes as observed in eve null mutants (Harding
et al., 1986; Macdonald et al., 1986). That Nmo would affect only a
subset of Eve activities is not unexpected, as Eve contains several
independently regulated domains (Kobayashi et al., 2001). Loss of
the Groucho (Gro) interaction domain in Eve does not affect odd
expression (Kobayashi et al., 2001). Therefore we do not believe that
Nmomediates or promotes Eve/Gro-controlled repression. This raises
the possibility that Nmo mediates Gro-independent repression by
Eve, particularly in the repression of odd. We found a striking simi-
larity in phenotype between nmo GLCs and embryos with elevated
levels of odd. This effect partly mimics the effects of reducing Eve-
mediated repression (Saulier-Le Drean et al., 1998). Of note, the phe-
notype of ubiquitous Odd only manifests defects in even PS, sup-
porting the evidence that, in odd PS, En expression is controlled in a
very different manner and not sensitive to levels of Odd. Our data
suggest that Nmo promotes the activity of Eve and subsequent En
expression in even PS.
The multifunctional nature of Eve can be partly attributed to its
dynamic expression pattern. Early Eve expression is crucial for the
activation of both even and odd numbered en stripes. However,
the enhancement and maintenance of odd numbered en stripes is
mediated by late Eve expression (Fujioka et al., 1995). Earlier in
embryogenesis, the highest concentration of Eve is centered on the
odd numbered PS primordia, creating a bell shaped gradient. It has
been postulated that at this stage Eve acts as a morphogen, per-
mitting Eve to act on its downstream targets in a concentration
dependent manner (Fujioka et al., 1995). Low levels of Eve at the
posterior edgeS of odd PS contribute to en expression in even-
numbered stripes. In these cells, Eve concentration tapers off
toward the boundary of the even-numbered PS, co-localizing with
low level Ftz (Frasch and Levine, 1987). Within these cells, EveFig. 9. Nmo binds and phosphorylates Eve. (A) HEK293T cell lysates were
immunoprecipitated (IP) with anti-HA, anti-Flag or IgG (control) antibodies and
extracts were visualized by Western blot (WB) using anti-HA or anti-Flag antibody, for
Eve and Nmo, respectively. Eve-Nmo complexes were isolated in immunoprecipitation
assays with either anti-HA or anti-Flag antibody. (B) Schematic representation of Eve
protein domains. Eve contains a homeodomain (HD), transient assay repression
domain (TARD) and a Gro-interaction domain within the C-terminus. In yeast two
hybrid assays, Nmo interacted with Eve full length (FL), but not with the TARD or C-
terminal domains. (C) HEK293T cell lysates transfected with the indicated expression
constructs were puriﬁed with anti-HA and anti-Flag and subjected to in vitro kinase
assays. Eve is phosphorylated in the presence of Nmo WT, but not with Nmo KD.represses odd, allowing Ftz-dependent en activation in even
numbered stripes. Nmo likely mediates this subset of early Eve
function, given that the even-numbered en stripes are most
188 L.R. Braid et al. / Developmental Biology 343 (2010) 178–189sensitive to nmo levels. This may account for the presence of
incomplete denticle fusions in nmo GLCs, rather than the loss of
entire segments. In addition, we found that nmo colocalizes with
Eve in the pre-cellular blastoderm. Previous studies and our work
here shown that nmo is expressed in every segment after
gastrulation (Liang and Biggin, 1998; Verheyen et al., 2001).
Although we have yet to identify the role of late nmo expression, it
is tempting to speculate that it may be distinct from the function of
early nmo expression. Since nmo GLCs rarely display obvious
alterations in odd numbered en stripes, it is unlikely that nmo
regulates the late function of Eve.
We cannot exclude the possibility that Nmo may also affect the
activities of other pair-rule genes. Interestingly, we observed an
expansion of En in odd PS in stage 8 embryos, indicating that Nmo
may function to reﬁne the early odd-numbered En stripes through
yet another mechanism. Consistent with our observations, others
have demonstrated that altered expression of pair rule and seg-
mentation genes can be restored later in development, since
temporally unique mechanisms exist to regulate their expression
(Saulier-Le Drean et al., 1998). Given nmo's broad expression
throughout segmentation we predict that additional roles remain
to be identiﬁed for Nmo during segmentation and in other embryonic
patterning processes. For example, we cannot rule out that the
observed defects in some even Wg stripes in nmo GLC embryos may
be due to modulation of additional factors such as Ftz or Sloppy-
paired by Nemo. In addition, nmo is co-expressed with Eve and En
in the embryonic nervous system, and nmo GLC embryos display
abnormal neural patterning (A.U. and L.R.B., unpublished).
We postulate that Nmo acts to promote Eve activity as a re-
pressor of odd expression. While it is likely that a number of
proteins act together with Eve during this process, few have been
identiﬁed. Mutations in the histone deacetylase Rpd3 were found
to cause a pair-rule phenotype that was attributed to loss of Eve
repressor function (Mannervik and Levine, 1999). Speciﬁcally, in
these mutants the even-numbered En stripes were affected. The
authors postulate that Rpd3 acts as a co-repressor with Eve to
suppress odd expression in the Ftz domain. The selectivity of this
phenotype is reminiscent of the nmo GLC phenotype and high-
lights the idea that Eve mediates repression of its different targets
through multiple mechanisms and binding partners.
Previous studies have shown that Eve is phosphorylated in
Drosophila S2 cells (Han and Manley, 1993), suggesting that Eve
may be regulated by phosphorylation. Further biochemical analyses
revealed that the repressive activity of Eve is inhibited by phosphor-
ylation in vitro (Li and Manley, 1999). Addition of Glycogen Synthase
Kinase-3 (GSK3) inhibited Eve activity, and this effect could be
alleviated upon addition of LiCl, an inhibitor of GSK3. The presence of
LiCl also reduced Eve phosphorylation in nuclear extracts, indicating
that GSK3 phosphorylates Eve. Eve silences gene transcription by
interfering with the interaction between the general transcription
factor TFIID and the TATA box within the promoter. Eve can either
bind to the TATA binding protein (TBP), a target for repression (Li and
Manley, 1998; Um et al., 1995), or bind to DNA, occluding tran-
scriptional complex formation (Austin and Biggin, 1995). GSK3-
mediated phosphorylation can inhibit the TBP-Eve interaction, hence
inhibiting Eve-mediated repression (Li and Manley, 1999). Our data
reveal that phosphorylation of Eve may not solely lead to the protein's
inhibition, but may also be an activating event.
Our work is the ﬁrst example to our knowledge of a kinase that
phosphorylates Eve and genetically promotes Eve activity. Phos-
phorylation represents a widespread phenomenon that can alter the
transcriptional activity of a protein by several mechanisms. The
phosphorylation status can alter the substrate's nuclear localization,
stability and/or protein–protein interactions. Nmo or its vertebrate
homologue, Nmo-like kinase (Nlk), has been shown to affect gene
transcription by inhibiting its substrate Tcf/Lef from binding to itsDNA sequence, as well as affecting the nuclear localization of another
substrate, Mad (Ishitani et al., 1999; Zeng et al., 2007; Merino et al.,
2009). Another intriguing possibility is that Nmo may modulate
Eve's recognition of its various targets, perhaps by altering Eve's
ability to interact with its co-repressors. Although our analyses do
not distinguish between these possible modes of action, our data
support the model that Nmo may deﬁne the temporal or/and spatial
boundaries of Eve activity.
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